The photoelectrochemical properties of poly(3-hexylthiophene) (P3HT) and poly(2,3-diethylquinoxaline-5,8-diyl) (PDEQx) thin films on ITO (indium-tin oxide) electrodes were investigated in aqueous media. Photoirradiation of the P3HT-coated electrode resulted in cathodic photocurrents in the presence of methyl benzoylformate, whereas the PDEQx-coated electrode generated stable anodic photocurrents in the presence of 2-mercaptoethanol. The action spectra indicate that photoexcitations of the polymers cause photoelectrochemical reactions. The films of P3HT and PDEQx exhibit a typical photochemical response of p-and n-type semiconducting materials, respectively.
Introduction
Since the discovery of photoinduced charge transfer in π conjugated polymers and C 60 , polymer-based solar cells have attracted considerable attention. [1] There are many reports on photoelectrochemical solar energy conversion using polythiophene derivatives as p-type semiconducting material with C 60 derivatives as n-type semiconducting material. [1, 2] The regioregular poly(3-hexylthiophene) (P3HT) has emerged as the most promising p-type semiconducting polymer in organic electronic devices owing to its high solubility and high hole carrier mobility. [3] In comparison with p-type polymers, the development of the n-type polymers has been still limited in terms of the number of reported examples and the semiconducting performance. [4] [5] [6] Nevertheless, the development of both kinds of semiconducting polymers is desired for the fabrication of the numerous electronic and optoelectronic devices including all-polymer solar cells. [7] Therefore, an investigation of photoelectrochemical properties of n-type polymers is an important subject as well as further developments of p-type polymers.
A photocatalytic property is one of the representative characteristics of semiconducting materials.
In literatures, π conjugated polymers exhibit the photocatalytic properties for reductions of organic molecules [8, 9] and a fixation of CO 2 on phenol. [10] For example, Yanagida et al. reported the photoreductions of ketones by poly(p-phenylene) as a heterogeneous photocatalyst, that result in the formation of the corresponding alcohol. [8] We also previously reported photocatalytic degradation of agrochemicals using poly(3-octylthiophene). [11] Owing to the different band gap and carrier mobility, n-type semiconducting polymers are likely to exhibit different photocatalytic properties from those of p-type semiconducting polymers. The characterization on the photocatalytic response of the polymers is expected to give valuable information for semiconducting properties such as photoexcitation behaviors, carrier mobility, and electron transfers.
Since photoelectrochemical techniques enable us the quantitative analysis of the photocatalytic reaction at the polymers/water interface, the present work focuses on the photoelectrochemical characteristics of p-and n-types of semiconducting polymers, P3HT and poly(2,3-diethylquinoxaline-5,8-diyl) (PDEQx), [4] on ITO (= indium-tin oxide) electrodes in aqueous media. The organic-semiconducting-compound-based photoelectrodes have also been evaluated via photoelectrochemical techniques. [12, 13] Since PDEQx is an electron acceptor and an electron-transporting material, PDEQx is evaluated as a typical n-type semiconducting polymers.
We here report the photoelectrochemical properties of P3HT-and PDEQx-coated ITO electrodes in aqueous media.
<Structure of polymer>
Experimental
The regioregular P3HT was purchased form Aldrich Co. Ltd., and PDEQx was prepared by a method analogous to that in our previous reports. by HSM-25ND Hyper Monolight (BUNKOUKEIKI Co., Ltd).
Results and Discussion
The photoelectrochemical characteristics of the polymer-coated electrodes were examined by voltammetry. Fig. 1(a) shows cyclic voltammograms (CVs) of the P3HT-and PDEQx-coated ITO electrodes in the presence of methyl benzoylformate under both photoirradiation and dark conditions.
As shown in Fig. 1(a) , high photocathodic current was observed for the P3HT-coated ITO electrode, whereas PDEQx showed no response. There was no photoelectrochemical response at the P3HT-coated ITO electrode in the absence of methyl benzoylformate. These phenomena indicate that the generation of photocathodic current is coupled with the formation of the photogenerated carrier originating in the charge separation at the P3HT/water interface. The formation of the carrier consequently leads to the reduction of methyl benzoylformate. [8] The photoelectrochemical reduction is reminiscent of ordinary photoelectrode behavior at a p-type semiconductor/liquid interface of a Schottky junction. [14] The light-to-electricity conversion characteristics of the Repeated photoexcitation of P3HT film did not lead to any decrease in the photocurrent. The photocurrent at the steady state increased linearly with increasing intensity of photoirradiation (Fig.   1c) . The photocurrent also increased with increasing concentration of methyl benzoylformate (Fig.   1d ). Then it began to saturate in the high-concentration region. These results suggest that the photoelectrochemical reduction is dominated by the charge transport at the P3HT/water interface. [13] A similar photocathodic response for the reduction of benzaldehyde was observed but the cathodic current (-0.98 µA) was lower than that of methyl benzoylformate (-11 µA) at the steady state.
<Fig. 1>
In contrast to the photocathodic response of the polymer-coated electrodes, we found that photoirradiation induces a photoanodic reaction at the PDEQx-coated ITO electrode/liquid interface. The photoirradiation of the PDEQx-coated ITO electrode resulted in an anodic current from the occurrence of the oxidation of 2-mercaptoethanol, which is characteristic of the n-type semiconductor-liquid interface, [16, 17] whereas negligible photoelectrochemical response was observed for the P3HT-coated ITO electrode. The light-to-electricity conversion characteristics of the PDEQx-coated ITO electrode were as follows: V oc , 0.52 V; J sc = 5.0 µAcm -2 ; fill factor = 0.57.
Photocurrent at ITO/PDEQx depends on the lighting intensity and a concentration of 2-mercaptoethanol ( Fig. 2c and 2d) . In terms of a substrate, an anodic current was observed in the presence of 2-mercaptoethanol (7.0 µA) and triethylamine (6.1 µA), whereas negligible anodic current was observed in the case of ethanol. The substrate dependence of photocurrent can be explained by the oxidation potential of the substrates.
The photoanodic responses of PDEQx exhibit no transient photocurrent (Fig. 2b ) in contrast to
P3HT showing the transient photocurrent before steady state under irradiation, as shown in Fig. 1b .
The absence of transient photocurrent in PDEQx indicates that the rate-determining step is not the diffusion of the substrate components to the surface of the polymer. AFM observation indicates that the surface of the PDEQx film is much rougher than that of the P3HT film. Since the increase in roughness increases the surface area, PDEQx film has a larger surface area than that of P3HT film, which indicates the existence of a sufficient amount of the substrate for the anodic reaction on the surface.
Following sentence was removed. "The carrier migration in the PDEQx film is likely to be a rate-determining step because the current linearly increased with the potential in CV (Fig. 2a) ."
<Fig. 2> Fig. 3 shows the action spectra of ITO/P3HT and ITO/PDEQx electrodes; they are in accord with the absorption spectra of P3HT and PDEQx in the film state, respectively. These results indicate that the generation of photocurrent is caused by the photoexcitation of these polymers. Fig. 4 shows schematic energy diagrams of the polymers and substrates. As was reported in our previous papers, [4] the ionization potential of PDEQx is higher than those of P3HT and the RS ·-/RS -couple; it appears that photoinduced oxidation power at the PDEQx/liquid interface is sufficient for thiol oxidation. In terms of the electron affinity of P3HT and PDEQx, methyl benzoylformate should have been reduced in both electrodes under light irradiation. However, PDEQx exhibited negligible photocathodic current for the reduction of methyl benzoylformate. This mismatch is probably due to Schottky junction at the n-type semiconductor/liquid interface, which is reminiscent of an ordinary n-type inorganic semiconductor. [16, 17] Since PDEQx works as hole-blocking layers in the organic EL devices, [18] hole transport in PDEQx is unfavorable. The unfavorable hole transport ability should also contribute the low photocathodic current on PDEQx in addition to Schottky junction. PDEQx have been recognized as n-type semiconducting polymer, which serve as an electron acceptor and electron-transporting materials. This work coincides with the criteria; n-type semiconducting characteristics of PDEQx in terms of the photocatalytic response.
<Fig. 3>
<Fig. 4>
Conclusions
P3HT and PDEQx exhibited opposite photoelectrode characteristics at the polymer/water interface. The photoelectrode characteristics clearly represent p-and n-type semiconducting properties of the polymers. This work revealed semiconducting properties of n-type polymer which has not been well investigated in comparison with p-type semiconducting polymer. It is important that both types of polymers are evaluated by the same method for the development of the polymer-based semiconducting materials. The present methodology will provide a promising method for evaluating semiconducting polymers.
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